We have engineered electron-hole bilayers of inverted InAs=GaSb quantum wells, using dilute silicon impurity doping to suppress residual bulk conductance. We have observed robust helical edge states with wide conductance plateaus precisely quantized to 2e 2 =h in mesoscopic Hall samples. On the other hand, in larger samples the edge conductance is found to be inversely proportional to the edge length. These characteristics persist in a wide temperature range and show essentially no temperature dependence. The quantized plateaus persist to a 12 T applied in-plane field; the conductance increases from 2e 2 =h in strong perpendicular fields manifesting chiral edge transport. Our study presents a compelling case for exotic properties of a one-dimensional helical liquid on the edge of InAs=GaSb bilayers. Introduction.-Symmetry protected topological order is a new paradigm in classification of condensed matter systems, describing certain system observables, such as charge or spin conductance, via topological invariants, i.e., distinct system characteristics which remain unchanged under smooth deformations of its band structure [1, 2] . In addition to topological considerations, time reversal symmetry (TRS) has been widely believed to be a necessary ingredient for the emergence of the quantum spin Hall (QSH) insulating phase, commonly characterized via the Z 2 topological invariant [3] [4] [5] [6] . Applying a magnetic field breaks the TRS and removes the topological protection of the helical liquid (HL) from backscattering. In fact, in the first realization of the QSH phase in HgTe=CdTe quantum wells, strong magnetic field dependence has been reported [6, 7] albeit only in larger devices; nevertheless, it has been theoretically shown [8] that strong backscattering of the helical edge in magnetic field appears only in the case of sufficient disorder in the system, suggesting that the presence of magnetic fields is not a sufficient condition to gap out the edge states, and the ultimate fate of HL under TRS breaking may depend on the exact microscopic details of the system. Here we present data of robust HL edge states in engineered semiconductor systems that are immune to disordered bulk, as well as perturbations from external magnetic fields.
Introduction.-Symmetry protected topological order is a new paradigm in classification of condensed matter systems, describing certain system observables, such as charge or spin conductance, via topological invariants, i.e., distinct system characteristics which remain unchanged under smooth deformations of its band structure [1, 2] . In addition to topological considerations, time reversal symmetry (TRS) has been widely believed to be a necessary ingredient for the emergence of the quantum spin Hall (QSH) insulating phase, commonly characterized via the Z 2 topological invariant [3] [4] [5] [6] . Applying a magnetic field breaks the TRS and removes the topological protection of the helical liquid (HL) from backscattering. In fact, in the first realization of the QSH phase in HgTe=CdTe quantum wells, strong magnetic field dependence has been reported [6, 7] albeit only in larger devices; nevertheless, it has been theoretically shown [8] that strong backscattering of the helical edge in magnetic field appears only in the case of sufficient disorder in the system, suggesting that the presence of magnetic fields is not a sufficient condition to gap out the edge states, and the ultimate fate of HL under TRS breaking may depend on the exact microscopic details of the system. Here we present data of robust HL edge states in engineered semiconductor systems that are immune to disordered bulk, as well as perturbations from external magnetic fields.
The quantum spin Hall insulating state is here realized in InAs=GaSb quantum wells where electron-hole bilayer naturally occurs due to the unique broken-gap band alignment of InAs and GaSb [9] . In particular, the conduction band of InAs is some 150 meV lower than the valence band of GaSb, which results in charge transfer between the two layers, and emergence of coexisting 2D sheets of electrons and holes, trapped by wide gap AlSb barriers, as shown in Fig. 1(a) . The positions of the electron and hole subbands can be altered by changing the thickness of InAs and GaSb layers, resulting in topologically trivial and nontrivial energy spectra shown in Fig. 1(b) for narrower wells and wider wells, respectively [10, 11] . In addition, due to the charge transfer and resulting band bending, both the topology of the band structure as well as the position of the Fermi energy can be continuously tuned via front and back gates [10] [11] [12] .
In the topologically nontrivial regime, electron-hole subbands cross for some wave vector values k cross FIG. 1 (color online). Two-dimensional topological insulator engineered from interfacing two common semiconductors, InAs and GaSb, which hosts a robust quantum spin Hall effect. (a) Schematic representation of the band structure of a InAs=GaSb bilayer and the potential fluctuations induced by Si dopants at the interface. (b) The helical edges in an inverted bilayer where the edge states must cross to form a 1D Dirac dispersion. (c) Typical quantum transport device configuration with front electrostatic gate (in light green) and a Corbino disk. In the left-hand panel of (c), spin-momentum locking is illustrated, e.g., the upper edge has a Kramers pair consisting of a right mover with spin-up and a left mover with spin-down.
[see the crossing of dotted curves noted by red circles, Fig. 1(b) right-hand panel] , and due to the tunneling between the wells, electron and hole states hybridize, lifting the degeneracy at k cross and opening an inverted mini gap Δ min [11, 12] on the order of 40-60 K. It has been proposed [13] that a Kramers pair of spin-momentum locked edge modes should exist on the sample perimeter [see black lines, Fig. 1(b) right-hand panel] . Initial evidence for such helical states [14, 15] has been previously reported, albeit their unequivocal identification has been limited due to finite bulk density of states in the minigap [16, 17] , resulting from disorder broadening and imperfect hybridization of electron-hole levels.
Quantized conductance plateau of helical edge state.-The semiconductor wafers of the InAs=GaSb bilayers were grown by MBE. A typical wafer structure contains a N þ GaAs (001) substrate, 1 μm thick insulating buffer layer, 12.5 nm InAs=10 nm GaSb quantum wells with barriers made of 50 nm AlSb, and 3 nm GaSb cap layer. More details can be found in previous work [14] . For this study, the interface between GaSb and InAs was doped with a sheet of Si during the MBE process, with a sheet concentration of ∼1 × 10 11 cm −2 . Transport measurements were performed in two cryostats, with a He 3 refrigerator of base temperature 300 mK and a He 3 -He 4 dilution refrigerator (20 mK), and magnetic fields up to 12 T. Electrical transport data were measured using a standard lock-in technique (17 Hz and bias current 10-100 nA).
A critical advance of the present samples from those in Refs. [14, 15] resulted from Si doping, which makes a truly insulating bulk and the edge states now become the only conduction channels. Remarkably, as shown here, these 2D bulk states can be localized [18] even at finite temperatures by Si dopants of a relatively small density (equivalent to 1000 atoms in a 1 μm × 1 μm device) at the interface, which serve as donors in InAs and acceptors in GaSb, creating a localization gap of Δ loc ∼ 26 K in the bulk energy spectrum. On the other hand, because the edge states are topological in nature, the disorder has very little effect on their existence and transport properties. In fact, as the Fermi energy is tuned into the localization gap via front gates, longitudinal conductance measurements for mesoscopic 2 μm × 1 μm samples reveal wide plateaus that are quantized to 4e 2 =h (in the Hall bar), or 2e 2 =h (in the π-bar), respectively [ Fig. 2(a) ], as expected for nonlocal transport in helical edge channels [5, 13] based on Landauer-Büttiker analysis [19] (see Supplemental Material for detailed analysis, as well as quantized conductance measured in an H-shaped mesoscopic sample [20] ). Note that the conductance value here is quantized to better than 1%-unprecedented by any other known topologically ordered system other than integer and fractional quantum Hall effects [21] , indicating a high degree of topological protection.
Furthermore, as the length of the Hall bar L [defined in Fig. 1(c) ] is increased to macroscopic dimensions, longitudinal resistance in the localization gap linearly increases with the device length. In this case, approximate longitudinal resistance is obtained by series addition of N ∼ L=λ φ half-quantum resistors, giving a total resistance value of ðL=λ φ Þ • h=2e 2 , where λ φ is a characteristic length at which edge transport breaks down and counterpropagating spin-up and spin-down channels equilibrate. This approximation is in excellent agreement with the data presented in Figs Insulating bulk state.-We note that in the context of integer quantum Hall effects, a precisely quantized Hall conductance (to multiples of e 2 =h) is due the opening of a localization gap in the Landau level spectrum [22] ; here, the existence of a wide conductance plateau should be attributed to the opening of a localization gap Δ loc promoted by Si doping. The energy scale of Δ loc is Fig. 3 , as a function of temperature and magnetic field. In this geometry, edge transport is shunted via concentric contacts, and hence conductance measurements probe bulk properties exclusively. In this case, transverse conductance is suppressed to zero in the localization gap, showing exponentially activated temperature dependence and allowing direct extraction of gap values.
Analysis of an Arrhenius plot [ Fig. 3(b) ] is followed by a standard procedure in quantum transport to deduce the energy gap: G xx ∝ expð−Δ=2k B TÞ, where Δ is the energy required to create a pair of electron-hole over the gap and k B is the Boltzmann constant. At higher temperature, the gap value Δ min ∼ 66 K is deduced, consistent with a hybridization-induced minigap. As the temperature is further reduced below ∼10 K, the conductance continues to vanish exponentially with a different slope, indicating opening of the localization gap Δ loc ∼ 26 K in the energy spectrum; a wide conductance plateau emerges only in this regime. As shown in Fig. 3(e) , the localization gap increases from 26 K at zero magnetic field to 40 K at 6 T perpendicular field. As a consequence, at temperatures on the order of 1 K and below, the system is completely bulk insulating and transport occurs only along the edge. As a result, quantized conductance in mesoscopic structures and finite resistance values in longer devices shown in Fig. 2 are solely a property of the topological edge channels. We note recent work reporting superconducting quantum interference device imaging of edge current in our Si-doped InAs=GaSb samples [23] , as well as nonlocal transport evidences presented for a similar system, albeit in latter cases bulk conductance exists rendering imperfect insulators [24, 25] .
Small Fermi velocity of edge state.-The Fermi velocity of the InAs=GaSb edge state ν F ∼ 1.5 × 10 4 m=s is at least 1 order of magnitude smaller than that of GaAs 2D electron gas (2DEG) or HgTe=CdTe (ν F ∼ 5.5 × 10 5 m=s) [7] due to the fact that the gap opens at a finite wave vector k cross instead of the zone center. Remarkably, the edge scattering time, i.e., τ ¼ λ φ =ν F ¼ 2λ φ k cross =Δ ≈ 200 ps (approaching that of the highest-mobility 2DEG in GaAs) [26] , appears to be extremely long regardless of the disordered bulk. In addition, the quantized plateau and the linear resistance (larger samples) are found to be independent of temperature between 20 mK and 4 K [Figs. 2(b) and 2(d); see also Ref. [23] ]. All together, we present convincing evidences that the HL edge in the InAs=GaSb bilayer is substantially robust against nonmagnetic disorder scattering, manifesting TRS protection. On the other hand, data suggest temperature-independent, residual backscattering. In Refs. [27, 28] it is proposed that correlated two-particle backscattering by an impurity can become relevant while keeping the TRS, but this term should be temperature dependent. In Ref. [29] the authors study the influence of electron puddles created by the doping of a 2D topological insulator on its helical edge conductance and find the resulting correction to the perfect edge conductance. The relevance of charge puddles in the bulk of InAs=GaSb is beyond the scope of present work and remains an interesting issue for future studies. In general, here the smallness of ν F strongly suggests that InAs=GaSb helical liquid is an interacting 1D electronic system and correlation effects may play certain roles in the transport properties [30, 31] .
Edge state under broken TRS.-The fate of the Z 2 TIs under broken TRS is a fundamental question in understanding the physics of topological matter but remains largely unanswered. Here we study the edge transport properties under TRS breaking by applying magnetic fields along each major axis of the device, examined up to 12 T. Unexpectedly, under in-plane magnetic fields applied, respectively, either along or perpendicular to the current flow, the localization-gap conductance plateau value remains quantized for mesoscopic samples [32] , and it stays constant for longer devices, even for fields close to 10 T [Figs. 4(a) and 4(b) ]. As far as the edge conductance is concerned, this can be interpreted as a PRL 114, 096802 (2015) P H Y S I C A L R E V I E W L E T T E R S week ending 6 MARCH 2015 096802-3 lacking of evidence for the gap opening in the edge spectrum across the minigap. While at first glance this seems to contradict the Z 2 property, we note that in a QSH system, unlike in the case of a perpendicular field where orbtial effect breaks TRS [6, 8, 33] , an in-plane field mainly shifts the Dirac point in the edge spectrum [33, 34] ; therefore, the topological property is retained as long as the bulk remains gapped.
Finally, we examine the same four samples in a field applied perpendicular to the 2D plane, where the 4-terminal singal in the Hall bar devices show increasing conductance [ Fig. 4(c) ]. Here the TRS is explicitely broken, because the magnetic field would push the edge states of one chiralty (say, left) outward and the opposite chirality inward [depicted in Fig. 4(d)] , and the conductance measured by edge contacts should weight more on the right chirality. We have in fact observed concomitant increases of Hall resistance in this case, consistent with the trend towards chiral transport. On the other hand, the 2-terminal device shows decreasing conductance [ Fig. 4(c) ]. This is consitent with the fact that in 2-terminal high-field magnetotransport the signal is dominated by Hall resistance, which increses with the field [35] .
Conclusions.-We have reported on a fundamental obversation of edge transport in the present InAs=GaSb bilayers: we observe wide conductance plateaus precisely quantized to 2e 2 =h in mesoscopic Hall samples, and the edge conductance is found to be inversely proportion to the edge length in larger samples. These characteristics persist in a wide temperature range and show essentially no temperature dependence. It is in sharp contrast to the nonlocal transport observed in the quantum Hall effects, where zero resistance is independent of the channel length.
One prevailing feature of the InAs=GaSb system is that the helical edge modes are in a strongly interacting regime, making it an ideal model system for studies of correlation effect and many-particle quantum phases in a controlled manner. With semiconductor technology, it can be expected that the materials will be further refined to reveal intrinsic electron-electron interaction physics in the simplest of 1D electronic systems. 
